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Introduction 
/ÖÅÒ Á ÆÕÌÌ Ô×Ï ÄÁÙ ÐÅÒÉÏÄȟ &ÅÂÒÕÁÒÙ ςɀσȟ ςπρφȟ ÔÈÅ /ÆПÉÃÅ ÏÆ (ÉÇÈ %ÎÅÒÇÙ 0ÈÙÓÉÃÓ ÃÏÎÖÅÎÅÄ Á 

×ÏÒËÓÈÏÐ ÉÎ 'ÁÉÔÈÅÒÓÂÕÒÇȟ -$ ÔÏ ÓÅÅË ÃÏÍÍÕÎÉÔÙ ÉÎÐÕÔ ÏÎ ÄÅÖÅÌÏÐÍÅÎÔ ÏÆ ÁÎ !ÄÖÁÎÃÅÄ 

!ÃÃÅÌÅÒÁÔÏÒ #ÏÎÃÅÐÔÓ ɉ!!#Ɋ ÒÅÓÅÁÒÃÈ ÒÏÁÄÍÁÐȢ 4ÈÅ ×ÏÒËÓÈÏÐ ×ÁÓ ÉÎ ÒÅÓÐÏÎÓÅ ÔÏ Á 

ÒÅÃÏÍÍÅÎÄÁÔÉÏÎ ÂÙ ÔÈÅ (%0!0 !ÃÃÅÌÅÒÁÔÏÒ 2Ǫ$ 3ÕÂÐÁÎÅÌ ɍρɎ ɍςɎ ÔÏ ȰÃÏÎÖÅÎÅ ÔÈÅ ÕÎÉÖÅÒÓÉÔÙ ÁÎÄ 

ÌÁÂÏÒÁÔÏÒÙ ÐÒÏÐÏÎÅÎÔÓ ÏÆ ÁÄÖÁÎÃÅÄ ÁÃÃÅÌÅÒÁÔÉÏÎ ÃÏÎÃÅÐÔÓ ÔÏ ÄÅÖÅÌÏÐ 2Ǫ$ ÒÏÁÄÍÁÐÓ ×ÉÔÈ Á ÓÅÒÉÅÓ 

ÏÆ ÍÉÌÅÓÔÏÎÅÓ ÁÎÄ ÃÏÍÍÏÎ ÄÏ×Î ÓÅÌÅÃÔÉÏÎ ÃÒÉÔÅÒÉÁ ÔÏ×ÁÒÄÓ ÔÈÅ ÇÏÁÌ ÆÏÒ ÃÏÎÓÔÒÕÃÔÉÎÇ Á ÍÕÌÔÉ-4Å6 

ÅϽÅɀ ÃÏÌÌÉÄÅÒȱ ɉÔÈÅ ÃÈÁÒÇÅ ÔÏ ÔÈÅ ×ÏÒËÓÈÏÐ ÃÁÎ ÂÅ ÆÏÕÎÄ ÉÎ !ÐÐÅÎÄÉØ !ɊȢ $ÕÒÉÎÇ ÔÈÅ ×ÏÒËÓÈÏÐȟ 

ÐÒÏÐÏÎÅÎÔÓ ÏÆ ÌÁÓÅÒ-ÄÒÉÖÅÎ ÐÌÁÓÍÁ ×ÁËÅПÉÅÌÄ ÁÃÃÅÌÅÒÁÔÉÏÎ ɉ,7&!Ɋȟ ÐÁÒÔÉÃÌÅ-ÂÅÁÍ-ÄÒÉÖÅÎ ÐÌÁÓÍÁ 

×ÁËÅПÉÅÌÄ ÁÃÃÅÌÅÒÁÔÉÏÎ ɉ07&!Ɋȟ ÁÎÄ ÄÉÅÌÅÃÔÒÉÃ ×ÁËÅПÉÅÌÄ ÁÃÃÅÌÅÒÁÔÉÏÎ ɉ$7&!Ɋȟ ÁÌÏÎÇ ×ÉÔÈ Á 

ÌÉÍÉÔÅÄ ÎÕÍÂÅÒ ÏÆ ÉÎÖÉÔÅÄ ÕÎÉÖÅÒÓÉÔÙ ÁÎÄ ÌÁÂÏÒÁÔÏÒÙ ÅØÐÅÒÔÓȟ ÐÒÅÓÅÎÔÅÄ ÁÎÄ ÃÒÉÔÉÃÁÌÌÙ ÄÉÓÃÕÓÓÅÄ 

ÉÎÄÉÖÉÄÕÁÌ ÃÏÎÃÅÐÔ ÒÏÁÄÍÁÐÓȢ 4ÈÅ ÒÏÁÄÍÁÐ ×ÏÒËÓÈÏÐ ×ÁÓ ÐÒÅÃÅÄÅÄ ÂÙ ÓÅÖÅÒÁÌ ÐÒÅÐÁÒÁÔÏÒÙ 

×ÏÒËÓÈÏÐÓȢ 

The first day of the workshop featured presentation of three initial  individual roadmaps with  

ample time for discussion. The individual roadmaps covered a time period extending until 

roughly 2040, with the end date assumed to be roughly appropriate for initial operation o f a 

multi -TeV e+eɀ collider. The second day of the workshop comprised talks on synergies between 

the roadmaps and with global efforts, potential early applications, diagnostics needs, simulation 

needs, and beam issues and challenges related to a collider. During the last half of the day the 

roadmaps were revisited but with emphasis on the next five to ten years (as specifically 

requested in the charge) and on common challenges. The workshop concluded with critical  and 

unanimous endorsement of the individual roadmaps and an extended discussion on the 

characteristics of the common challenges. (For the agenda and list of participants see Appendix 

B.) 

Overall Timescale and Common Challenges 
The primary long-term goal of a multi-TeV collider provides an overarching timescale for the 

AAC roadmap as embodied by completion of a technical design report (TDR) sometime in the 

2035ɀ2040 interval. Completion of a TDR for a potential early application in the 2025ɀ2030 

interval serves as an intermediate goal. Likely early applications might be an X-ray Free Electron 

Laser (XFEL) and a gamma-ray source. These two goals and their associated time scales provide 

the broadest context for the AAC roadmap. 

The next ten years of AAC research should focus on addressing common challenges identified 

during the workshop: 

1. Higher energy staging of electron acceleration with independent drive beams, equal 

energy, and 90% beam capture; 

2. Understanding mechanisms for emittance growth and developing methods for achieving 

emittances compatible with colliders; 

3. Completion of a single electron acceleration stage at higher energy; 

4. Demonstration and understanding of positron acceleration; and 

5. Continuous, joint development of a comprehensive and realistic operational parameter 

set for a multi-TeV collider, to guide operating specifications for AAC. 
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The phrase Ȱhigher energyȱ in the first and third common challenges encompasses the different 

capabilities of the concepts and facilities and is taken to be in the multi-GeV range for LWFA and 

PWFA and in the multiple -100 MeV range for DWFA. 

The following concept roadmaps for LWFA, PWFA, and DWFA have been developed in the 

framework of the overarching time scale and in response to the common challenges. An 

additional roadmap is included for laser development in support of LWFA, stewardship of laser 

technology should not be overlooked. Of course, significant differences exist for the concepts 

due to differences in their technical nature and readiness. In particular, certain aspects of the 

DWFA effort could be incorporated in current collider designs. The report concludes with 

comments on possible synergies between the concepts and support needed for simulation 

development. 

LWFA and Laser Technology Roadmaps, Including Ten Year 
Detailed R&D Roadmap 
The research program toward completion of a technical design report (TDR) for a multi-TeV e+eɀ 

linear collider based on LWFA technology, anticipated in the 2035-2040 time frame in order to 

meet needs for machines following the Large Hadron Collider, is presented in Fig. 1. 

Construction would begin thereafter. 

In preparation for development of a conceptual design, R&D over the next ten years would 

continue the ongoing invention and discovery phase, where the main goals would be 

understanding of the key physics concepts and innovation of LWFA collider concepts. The 

primary challenges were enumerated in the introductory section of this document. This phase 

would include experiments demonstrating significant progress toward the collider goal (see Fig. 

2). To identify and solve outstanding physics and technology issues several key experiments are 

required. 

Presently LWFA can accelerate tens of pC of charge to several GeV in a single stage [3] . The ten-

year R&D goal is to accelerate 100 pC of charge to 10 GeV in a single LWFA stage. Accomplishing 

this requires development of techniques for matched guiding of the laser pulse in the plasma. 

Other R&D would be focused on improvements in stability, reproducibility, and tunablity, which 

will enable near-term applications. 

With the completion of a 10 GeV electron LWFA stage, the 10 GeV beam may be employed for 

electron-positron pair creation and subsequent positron beam capture and LWFA. Development 

of an LWFA-based positron source would enable compact experiments on LWFA and focusing of 

positron beams. 

Critical to the collider application is demonstration of multi-GeV LWFA staging with 

independent, equal energy, drive beams. Following the successful demonstration of LWFA 

staging at the 100-MeV-energy level [4] , a multi-GeV (e.g., 5 GeV and 5 GeV) staging experiment 

is required. The goal of this experiment is to demonstrate high beam capture efficiency (>90%), 

while maintaining a large average/geometric accelerating gradient (>5 GV/m) and preserving 

the beam emittance between LWFA stages. This experiment will allow study and understanding 

of emittance growth mechanisms, as well as testing of growth mitigation techniques.  
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Plasma target development is required to enable the key experiments. Shaping and precise 

control of plasma target profiles is required for the collider application. In particular, 

development of longitudinally-tapered and near-hollow plasma channels, extending tens of 

centimeters, requires R&D. 

Of crucial importance will be a deep understanding of how to optimize the efficiency from laser 

beam to particle beam, and what the limitations are towards the ultimate performance that 

would make this technology operate at levels superior to present day technology for 

accelerators. Novel methods for extracting energy from plasma wakes via particle bunch shape 

(or current pulse) tailoring must be developed, techniques to reduce the remaining wake energy 

(and hence also reducing the power loading on the struÃÔÕÒÅÓɊ ÂÙ ȰÓÏÁËÉÎÇ ÕÐȱ ÔÈÅ ×ÁËÅ ÅÎÅÒÇÙ 

using additional laser pulses, and direct conversion of power in intense lasers exiting the plasma 

structures using photo-voltaic optical to electric conversion systems which is unique to using 

lasers as drivers. Methods for bunch shape tailoring and wake energy extraction would also 

benefit the beam driven plasma systems. 

Contemporaneously to the demonstration of key experiments, novel diagnostics for LWFA 

beams and plasma targets must be invented and high-fidelity and high-speed simulation tools 

must be developed. Modeling of plasma targets will require 3D magneto-hydrodynamic (MHD) 

codes to be developed, with the proper low-temperature physics and chemistry included. The 

development of the MHD codes will benefit fro m collaborations with LLNL and SNL, leveraging 

NNSA investments. Capabilities for rapid modeling of multi-GeV-LWFA stages (laser and beam 

plasma interaction) are required for parameter exploration and start-to-end modeling of LWFA-

based colliders. This requires a sustained community effort on development of open source code 

Figure 1:  Roadmap for the development of a LWFA based collider, which lays out phases for invention 
and discovery (during the next decade), the emergence of first applications, and prototype 
demonstrators. A conceptual design  study could occur in the 2025 -2035 time frame, followed by a five 
year technical design study, culminating with start of construction around 2040.  
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suites that integrate all the recent algorithmic advances (e.g. boosted frame, Maxwell solvers 

with azimuthal Fourier decomposition, spectral solvers, control of numerical Cherenkov 

instability, laser envelope solvers, adaptive mesh refinement) for the plasma-based accelerator 

modules with advanced beam dynamics modules for transport through conventional transport  

sections. Integration of all the above mentioned algorithmic advances, together with porting of 

Figure 2:  Ten-year LWFA roadmap and milestones. The orange boxes are activities, with present status 
and goals listed below. The red boxes denote facility in vestments that must occur to enable staging at 
multi -GeV energies (BELLA 2nd line) and a high average power demonstration facility (k -BELLA). The 
green boxes denote early applications that are enabled by the development of the LWFAs. Applications 
on the leÆÔ ÁÎÄ ÒÉÇÈÔ ÈÁÎÄ ÓÉÄÅ ×ÉÌÌ ÂÅ ÐÏÓÓÉÂÌÅ ×ÉÔÈ ÔÏÄÁÙȭÓ ÌÁÓÅÒÓ ÁÎÄ ×ÉÔÈ ÈÉÇÈ ÒÅÐÅÔÉÔÉÏÎ ÒÁÔÅ ÓÙÓÔÅÍÓȟ 
respectively.  
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the codes to massively parallel many core and GPU architectures, will enable speedups by 

orders of magnitude, from days-to-weeks at present for 3-D simulations of one multi -GeV stage, 

to minutes-to-hours on exascale-capable supercomputers. 

These simulation tools must be validated with experimental measurements. Diagnostics are 

required to resolve femtosecond slice properties of the LWFA beam, and techniques for non-

invasive beam phase space measurements (e.g., with resolution on the order of tens of nm 

normalized transverse emittance) are needed. Methods to measure the evolution of the 3D 

plasma profile are also required. 

In addition innovative LWFA-collider concepts must be explored over the next ten years. For 

example, compact final focus methods with large momentum acceptance, rapid cooling methods 

for positron beams that are compatible with short (tens of microns) beams, and laser-plasma 

methods for generation of ultra -cold, polarized electron beams require investigation.  

During the next ten years, the development of non-HEP applications of LWFA technology is a 

critical component of the collider R&D roadmap. Stable, reproducible, and tunable LWFA 

enables application of several-hundred-MeV to multi-GeV electron beams for light source 

applications. First applications considered over the next decade are a free-electron laser (FEL) 

powered by an LWFA, initially operating at XUV wavelengths, for ultra-fast science applications 

and a gamma-ray source, via Thomson scattering, producing MeV photons for nuclear detection. 

These light sources would initially operate at the few Hz repetition rate. Following successful 

demonstrations, and the development of kW-class laser systems, the FEL would be extended to 

the soft x-ray regime (few nm) at kHz rep rates, and the gamma-ray source would be capable of 

producing 1010 photons/second or more. 

In parallel to the accelerator development, laser development is also required to realize a LWFA 

collider. In the next few years, R&D on kW average power laser systems will enable the fielding 

of a Joule, kHz ÌÁÓÅÒ ÓÙÓÔÅÍ ɉȰË-"%,,!ȱɊ ÆÏÒ ,7&! R&D. At kHz repetition rates, studies of 

feedback and stabilization techniques are possible, enabling improved LWFA beam quality, as 

well as increased average beam power. A kW laser system allows testing of high-average power 

beam issues, such as heat mitigation and lifetime at kHz rep rates. To achieve the ~10 kHz rep-

rates and high average powers needed for a collider requires further laser technology 

development. Approaches based on coherent combining of multiple fiber lasers, or on 

Ti:sapphire lasers, solid-state lasers, CO2 lasers, and on OPCPA should be considered (see Fig. 3). 

Each of these approaches requires different R&D levels: some have a clear technology-

development pathway towards LWFA drivers, others still need to address fundamental 

challenges. Laser technologies include development of high-power optics technology (mirrors, 

diffraction gratings, beam combiners) to withstand hundreds of kW of optical power, as well as 

techniques for achieving high pulse contrast at ~10 kHz. In addition, methods for improved 

efficiency should be investigated, including spent laser energy recovery and photon acceleration 

to remove energy remaining in the plasma wakefield. 
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Figure 3:  Ten-year roadmap and milestones for laser technology development. In the next decade 
technology would be developed and implemented for a  high average power demonstration facility (k -
BELLA) at the few kW level, followed by scaling suitable technology to the tens of kW -level. The different 
technologies that are available today have different levels of maturity, but all require R&D albeit at 
different levels. R&D is also needed on common technologies such as mirror coatings, pulse compression 
and clean-up techniques (in both space and time).  
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PWFA Roadmap  
The physics program at the Large Hadron Collider (LHC) will end around 2035. If plasma based 

accelerators are to meet the needs of international High Energy Physics Community, the R&D 

Roadmap must arrive at a design with a sufficient level of maturity to be considered as the next 

candidate machine. Consequently, PWFA R&D spanning the next 25 years is outlined in the long 

range roadmap presented in Fig. 4. 

The concepts for plasma accelerator based colliders should continue to be developed to help 

focus R&D. In addition, plasma accelerators are still in a period of rich discovery and a broad 

program of research at both Universities and National Laboratories should continue to ensure 

that the best techniques are identified. Some high level challenges common to all advanced 

accelerator concepts have been identified and summarized in the introductory portion of this 

document. The two areas of beam-plasma physics considered most pressing for research in the 

next decade are emittance preservation and positron acceleration. Additional priorities include 

beam loading, higher transformer ratios, beam dynamics & tolerances, plasma source 

development, staging, off-ramp, and first applications. A detailed roadmap for beam driven 

plasma wakefield accelerator R&D for the next decade is summarized in Fig. 5. 

Figure 4:  High level R&D roadmap for particle beam driven p lasma accelerators.  




























